Using accurate first-principles quantum calculations based on DFT (including the perturbation theory DFPT) with the range-separated hybrid HSE06 exchange-correlation functional, I predict essential fundamental properties (such as bandgap, optical absorption coefficient, dielectric constant, charge carrier effective masses and exciton binding energy) of two stable monoclinic vanadium oxynitride (VON) semiconductor crystals for solar energy conversion applications. In addition to the predicted band gaps in the optimal range for making singlejunction solar cells, both polymorphs exhibit relatively high absorption efficiencies in the visible range, high dielectric constants, high charge carrier mobilities and much lower exciton binding energies than the thermal energy at room temperature. Moreover, their optical absorption, dielectric and exciton dissociation properties are found to be better than those obtained for semiconductors frequently utilized in photovoltaic devices like Si, CdTe and GaAs. These novel results offer a great opportunity for this stoichiometric VON material to be properly synthesized and considered as a new good candidate for photovoltaic applications.
Introduction
Harvesting solar energy into electricity using semiconductor materials is a real opportunity for sustainable development at low environmental and economic costs. [1] [2] [3] [4] [5] In addition to the high crystallinity needed for the developed material, three challenging fundamental requirements must be simultaneously justified in the semiconductor as a photon absorber for achieving efficient solar energy conversion: (i) the bandgap energy must be in the 1.1-1.4 eV range which represents the optimum zone known for a maximum efficiency; 6 (ii) the static dielectric constant must be higher than 10 and the exciton binding energy must be lower than 25 meV (thermal energy at room temperature) to obtain an efficient dissociation of the photogenerated exciton into free charge carriers; [7] [8] [9] [10] [11] [12] (iii) the charge carrier effective masses must be smaller than 0.5 0 m ( 0 m is the free electron mass) to obtain good charge carrier transport properties. 7, 13, 14 Besides, the photogenerated holes and electrons must migrate through two different crystallographic directions to efficiently help for the required separation of the charge carriers at the surface of the semiconductor. Nowadays, the density functional theory (DFT) can greatly help the experimentalists for a rational design of new semiconductors for solar energy applications by computing these fundamental properties since some of them are quite difficult to be obtained experimentally. The accuracy of DFT calculations, which is highly required here, is directly linked to the quality of the functional used to describe the various electronic exchange and correlation interactions.
In previous theoretical studies reported on the electronic structures and optical absorption properties of metal oxide-, oxynitride-and nitride-based semiconductors, [15] [16] [17] [18] [19] [20] [21] [22] [23] I have shown that the use of DFT (including the perturbation theory DFPT) along with the range-separated hybrid (HSE06) exchangecorrelation functional yield much more accurate bandgap and optical transition predictions than standard DFT calculations as compared with the experimental data. In addition, I show in Tables 1-4 that my computed bandgaps, dielectric constants, charge carrier effective masses and exciton binding energies of widely used semiconductors in photovoltaic solar cells such as Si, CdTe and GaAs with HSE06 accurately reproduce the experimental data. 24 Recently, I have investigated by DFT the optoelectronic features of monoclinic TaON compound and demonstrated good exciton disscociation ability and good charge carrier transport properties using this material. 23 Nevertheless, the predicted bandgap was quite large (3.0 eV) which indicates that this compound can only absorb the UV light. The Brillouin zones of β-and γ-VON crystalline phases were sampled with 6 × 6 × 6 and 3 × 10 × 6 Monkhorst-Pack k-point grid, 34 respectively. For Si, CdTe and GaAs, the Brillouin zone was sampled with 5 × 5 × 5 k-point mesh. The ionic coordinates and cell parameters were fully relaxed (residual force components below 0.01 eV Å). The convergence criterion for the self-consistent cycles was fixed at 10 -5 eV. My computed cell parameters for Si, CdTe and GaAs revealed an excellent agreement with the available experimental data (Table S1 , ESI †). The atomic positions of V, O and N in the relaxed β-and γ-VON structures are given in Tables S2 and S3 (ESI †) . The thermodynamic stability of VON was computed by assembling this material from individual elements using the following expression: 
The enthalpy and entropy corrections as a function of T were obtained from DMol 35 using PBE functional and DNP basis set. 36 All electronic energies were calculated using VASP 
Electronic structure and UV-visible optical absorption calculations
For electronic density-of-state and k-space band-structure calculations, I employed the range-separated hybrid HSE06
exchange-correlation functional implemented in VASP. [28] [29] [30] [31] The tetrahedron method with Bloch corrections for the Brillouin zone integration was used for density of states whereas Gaussian smearing was adopted for energy dispersions curves. For UV-visible optical absorption calculations, I applied the density functional perturbation theory (DFPT) implemented in VASP [28] [29] [30] [31] by employing the HSE06 functional. 37 The optical properties were determined through the frequency-dependent complex dielectric following a methodology described in these references. [38] [39] [40] The optical absorption coefficient (in cm −1 ) of the solid was then computed using the formula:
where λ and ω are the wavelength and the frequency of the incident light, and ( ) k ω is the imaginary component of the complex refractive index or the extinction coefficient which was computed using the expression: ) ( 2 ω ε was calculated by summing all the possible transitions from occupied to unoccupied states in the Brillouin zone weighted with the matrix element describing the probability of transition.
Dielectric constant, charge carrier effective masses and exciton binding energy calculations
The electronic contribution ( ∞ ε ) to the static dielectric constant tensor was computed from the self-consistent response of the crystal to a finite electric field 41 implemented in VASP 
where i and j denote reciprocal components and ) (k E n is the dispersion relation for the n-th band. Note that the derivatives were evaluated numerically using the finite difference method. 42 The exciton binding energy ( b E ) was then estimated from the hydrogenic model 43 For the cubic structures, the effective masses of the electron and the hole were taken as the arithmetic mean of the components in the three crystallographic directions, while the geometric mean was adopted for the non-cubic structures. In all types of structures, the dielectric constant was obtained from the arithmetic mean of the components in the three crystallographic directions. Table 5 . The β-phase exhibits a monoclinic crystal lattice (space group P2 1 /c) and its structure is formed by edgesharing irregular VO 3 N 4 polyhedral species (Fig. 1a) with V-O bond lengths ranging from 1.80 to 2.03 Å and V-N bond lengths ranging from 1.95 to 2.04 Å. For γ-phase, the crystal lattice is also monoclinic (space group C2/m) and the structure is composed of corner-and edge-sharing regular VO 3 N 3 and VO 2 N 4 octahedral species with V-O bond lengths ranging from 1.69 to 1.91 Å and V-N bond lengths ranging from 1.68 to 2.01 Å (Fig. 1b) . The calculated formation energies of both structures are found to be negative with -3.52 eV for β-phase and -3.77 eV for γ-phase, and so, both crystal structures are likely to be stable. 
Results and discussion
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Bandgap and solar energy absorption efficiency: comparison with Si, CdTe and GaAs
The calculated electronic densities of states (DOS) and energy dispersion diagrams of β-and γ-VON structures using HSE06 are shown in Fig. 2 . For β-phase, the valence band states located within 1.2 eV range below the Fermi level are made by mixtures of N 2p and Ta5d orbitals with weak contributions from O 2p orbitals, while the conduction band states are mainly composed of empty V 5d orbitals (Fig. 2a) . My calculations predict this compound to be a direct (at the Г point) semiconductor with small bandgap energy of 1.4 eV. In the case of γ-phase, the analysis reveals a valence bandwidth within 0.4 eV range below the Fermi level which is dominated by occupied N 2p orbitals with weak contributions from O 2p and Ta 5d orbitals whereas the lower part is found to be governed by occupied O 2p states, in line with the lower electronegativity of O with respect to N (Fig. 2b) . The conduction band of this compound primarily consists of empty V 5d orbitals. This material is also predicted as a direct (at the Г point) semiconductor with small bandgap energy of 1.3 eV. The lowest-energy band gap of this compound originates from direct N 2p 6 -V 5d 0 orbital transitions. Note that I checked the spin-orbit coupling effect on the electronic structures of both phases and no bandgap change was found. In order to study the solar energy harvesting properties of β-and γ-VON structures, I have calculated the optical absorption coefficient of each of them as a function of the wavelength of incident light through the imaginary and real parts of the dielectric function computed using HSE06 following the methodology described in the computational methods section. As shown in Fig. 3 , the two calculated absorption spectra exhibit roughly similar behavior revealing the appearance of high-intensity absorption features in the visible range with broad edges extending up to 800 nm. Interestingly, if I compare my calculated spectra with those obtained for Si, CdTe and GaAs, I can see that the absorption efficiencies of both VON crystals are much higher than Si and CdTe in the entire visiblelight range, and superior to that obtained for GaAs in the blue region, as shown in Fig. 3 . This result clearly indicates that the monoclinic VON bulk crystal can be considered as good solar energy absorber in the visible light spectrum. Fig. 2 Electronic densities of states (DOS) and band dispersions of (a) β-VON and (b) γ-VON structures computed using HSE06. Color legend: total DOS in black, projected DOS on V 5d orbitals in green, on O 2p orbitals in red, and on N 2p orbitals in blue. Fermi level is set at 0 eV. Fig. 3 Optical absorption spectra of β-and γ-VON structures computed using HSE06. The calculated spectra are compared with those of Si, CdTe, and GaAs in the visible range.
Exciton dissociation ability and charge carrier transport properties: comparison with Si, CdTe and GaAs
I have calculated the high-frequency (electronic contribution) and static (electronic and ionic contributions) dielectric constant tensors of those crystals using PBE and HSE06 functionals following the methodology described in the computational methods section. My computed components in the three principal crystallographic directions are reported in Table 6 . In the case of β-phase, I found high static ( r For γ-phase, higher static dielectric constants of 35.9, 52.1, and 51.4 were obtained along the three principal directions with an average value of 46.4. Importantly, the major contribution to the static dielectric constant in both cases comes from the ionic component which reveals the strong ionic character of the crystal. This is mainly due to the high electronegativity of oxygen which yields important Born charges in the material. My calculated dielectric constants for both VON phases are much higher than those calculated for Si (which is 12.1), for CdTe (which is 10.4) and for GaAs (which is 14.6). This suggests excellent dielectric properties of VON compound which should be much better than those for Si, CdTe and GaAs.
To gain insight into the charge carrier transport properties of β-and γ-VON structures, I have computed the effective masse tensors of photogenerated holes and electrons at their band edges (see the computational methods section for more details) using the k-space electronic band structures obtained from HSE06. My calculated values in the three principal directions reveal important anisotropies in both cases, as shown in Table  6 . For β-VON structure, the hole effective masses along [010] and [001] directions are found to be relatively small (< 0. Finally, I have evaluated the exciton dissociation ability into free charge carriers using both VON crystalline phases by computing the exciton binding energy ( b E ) through the hydrogenic model (see the computational methods for more details) and the HSE06 functional. Very low values of 1.4 and 1.0 were obtained for β-and γ-structures, respectively. It is important to stress that my calculated exciton binding energies are found to be much lower than 25 meV (which is thermal energy at room temperature), and this should lead to an efficient exciton dissociation into free charge carriers using this material. As these calculated values are much lower than those calculated for Si (which is 15.6 meV), for CdTe (which is 10 meV) and for GaAs (which is 3.8 meV), the exciton dissociation ability is expected to be much easier using VON than Si, CdTe and GaAs. 
Conclusion
By applying accurate first-principles quantum calculations based on DFT (including the perturbation approach DFPT) within the range-separated hybrid HSE06 exchange-correlation functional, I have investigated essential fundamental properties of vanadium oxynitride (VON) semiconductor compound within two different stable monoclinic crystal structures to predict its ability for solar energy conversion. The formation energy, electronic structure, optical absorption response, dielectric constant, charge carrier effective masses and exciton binding energy were systematically computed for both crystalline phases. My calculations predicted both VON polymorphs to be semiconductors with small direct bandgaps in the 1.3-1.4 eV range which is known to be the optimum zone for a maximum efficiency. In addition, I showed that both crystals exhibit high absorption efficiencies in the visible range, high dielectric constants (> 10), small charge carrier effective masses (< 0.5 0 m ) along two different crystallographic directions and low exciton binding energies (< 25 meV). Their optical absorption, dielectric and exciton dissociation properties were found to be better than those obtained for widely used semiconductors in photovoltaic solar cells such as Si, CdTe and GaAs. Therefore, these novel results will certainly offer a grand opportunity for this stoichiometric and crystalline VON material to be properly synthesized and considered as a new good candidate for photovoltaic applications. The computational approach adopted in this study showed high accuracy in the prediction of optoelectronic properties originated from the precise calculation of the electronic structure. This advanced and robust first-principle quantum methodology described in this study will definitely be applied to identify good candidate materials among novel semiconductor compounds for a large variety of technological interests.
